Identification of structural heart disease in athletes remains a significant challenge for clinicians. Indeed, the presence of cardiac murmurs identified during the periodic health evaluation (PHE) often leaves the clinician with the difficult task of distinguishing between functional and pathologic variants in athletic populations.^[@bibr3-1941738117695221],[@bibr7-1941738117695221]^ In low-resourced settings, cardiac auscultation is in most instances the only and most cost-effective method to identify murmurs^[@bibr11-1941738117695221]^; however, limitations of the standard stethoscope have resulted in declining reliance on auscultation findings.^[@bibr3-1941738117695221],[@bibr16-1941738117695221]^ Availability and access to expensive advanced technological devices, time constraints of a thorough cardiac auscultation, and the decline of adequately skilled physicians are major contributing factors that limit the role of traditional auscultation. In the African (and other low-resourced) environments where an "open hall or station approach" to the PHE is often followed, the environment might be noisy, which makes routine auscultation difficult. Furthermore, mid-level-trained health care workers often assist with the PHE, which adds to the complexity of identifying athletes at risk.^[@bibr5-1941738117695221],[@bibr6-1941738117695221]^ Within this background, advancement in auscultation technology, specifically computer-assisted auscultation (CAA), has emerged as an objective diagnostic support tool in the evaluation of murmurs in nonathlete populations.^[@bibr3-1941738117695221],[@bibr5-1941738117695221],[@bibr16-1941738117695221]^

Computerized auscultation incorporates the techniques of phonocardiography, sonvelography, and spectrocardiography to assist in evaluation of auditory information detected by physicians through a stethoscope and incorporates visual patterns to support clinical decision-making when murmurs occur.^[@bibr2-1941738117695221]^ However, in the past decade, rapid technological advances have been made not only with respect to electronic stethoscopes but also in the associated computer analysis of data.^[@bibr13-1941738117695221]^ Indeed, in recent studies, CAA has shown promise as an objective diagnostic support tool in assessments conducted in the pediatric setting. In a study involving board-certified physicians, CAA increased the sensitivity to detect structural murmurs from 82.4% to 90.0% (*P* \< 0.001) while the specificity of correctly identifying benign cases rose from 74.9% to 88.8% (*P* \< 0.001).^[@bibr14-1941738117695221]^ Furthermore, a study conducted in a realistic clinical environment within South Africa using novel signal processing techniques and an artificial neural network achieved a sensitivity of 91% and a specificity of 94% to detect structural systolic murmurs.^[@bibr11-1941738117695221]^

Despite these promising results, to the best of our knowledge, the use of CAA in the athletic population as part of PHE has not been studied previously. Accordingly, we conducted a feasibility study among collegiate athletes in a realistic clinical environment applicable to the local setting using CAA as part of the routine PHE protocol. The aim of this study was to determine the feasibility of inclusion of CAA into the setting and whether this technique has the ability to detect the presence of structural murmurs in conjunction with a sports physician (SP) in the screening of a collegiate athlete cohort.

Methods {#section9-1941738117695221}
=======

This study was approved by the local health research ethics committee (HREC \# N14/02/12), and all participants were required to provide informed consent in accordance with the Declaration of Helsinki. A cohort of collegiate athletes from different sporting codes was assessed for cardiac murmurs during a routine PHE at a single university. Athletes completed the American Heart Association (AHA) cardiac history questionnaire^[@bibr9-1941738117695221]^ and underwent a comprehensive physical examination with an SP, and if indicated, a 12-lead electrocardiogram (ECG) was conducted (Model PCR 100; Welch Allyn). In addition, a side room CAA investigation was performed by a non--clinically trained research technician.

An ECG was triggered by any findings that may have raised suspicion of underlying cardiovascular abnormities and/or disease. This involved a thorough history taking by the SP to confirm any positive answers identified in the AHA cardiac history questionnaire as well as the identification of any abnormal clinical findings such as a deviation in the pulse rate and rhythm from normal parameters or the presence of a heart murmur.

All murmurs detected by either the SP or CAA were referred for echocardiography (EC) conducted by an independent cardiologist. In addition, other specific clinical indications such as stigmata of Marfan syndrome, a displaced apex (in the presence of suggestive underlying cardiovascular disease), or abnormal ECG findings (ie, a pattern indicative of possible pathology according to the Seattle Criteria)^[@bibr4-1941738117695221]^ were referred for further assessment to the cardiologist.

Based on the EC results, which served as the gold standard, the number of true positives, true negatives, false positives, and false negatives were analyzed for both diagnostic utilities. Importantly, the SP was blinded to all CAA findings throughout the entire study so as not to influence their clinical decision-making. Murmurs detected by the SP were classified as being structural or physiological in nature, while the CAA algorithm was preprogrammed to make a class 1 or class 3 referral decision (developed using a nonathletic cohort). According to the AHA and American College of Cardiology, class 1 recommendations for EC indicate at least a moderate likelihood that a murmur reflects structural heart disease while a class 3 recommendation specifies that EC is not required for patients who have a grade 2 or softer midsystolic murmur identified as being innocent by an experienced clinician.^[@bibr1-1941738117695221]^

Screening took place within a designated assessment room housed within the university's campus health service facility. Only those athletes who were older than 18 years were eligible for the study. Exclusion criteria included athletes who had any history of previous cardiac surgery or those who were unable to provide informed consent.

Data collected during this study consisted of demographic information (participant name, date of birth, and type of sporting participation), basic anthropometry (weight, height, and body mass index), selected CAA parameters (presence or absence of a structural murmur, its location, measures of heart rate, RR interval, average systole length, and average diastole length), and information obtained from the SP-driven medical consultation (AHA cardiac history questionnaire and a comprehensive systemic examination). Furthermore, EC findings and cardiologist recommendations were recorded.

Details of the CAA Assessment {#section10-1941738117695221}
-----------------------------

A SensiCardiac system (Diacoustic Medical Devices) was used to record a 20-second interval of heart sounds at each of the 4 main auscultation locations (the aortic, pulmonary, tricuspid, and apex areas of the heart) in both the supine and sitting positions (16-bit data, sampled at 4 Hz).The system makes use of a software application and a Littmann electronic stethoscope (model 3200; 3M Health Care) to capture and analyze heart sound recordings (stored as a .wav file on a computer) and transferred via Bluetooth technology to either a laptop or via an app to a smartphone ([Figure 1](#fig1-1941738117695221){ref-type="fig"}). The relative energy distribution within a recorded heartbeat ([Figure 2](#fig2-1941738117695221){ref-type="fig"}) provides valuable information about the murmur timing (ie, early, mid-, or late systole or diastole).

![(a) Computer-assisted auscultation device with accompanying software. (b) Example of a phonocardiogram showing recorded heart sounds at each location.](10.1177_1941738117695221-fig1){#fig1-1941738117695221}

![An example of the average midrange energy distribution in the recorded heart beats of a participant with a structural murmur identified by computer-assisted auscultation. The total relative amount of energy for the heart beats equals 100%, while the energy within each component is indicated as a fraction of the whole. In order: S1, first heart sound pulse; ES, early systolic; MS, mid-systolic; LS, late systolic; S2, second heart sound pulse; ED, early diastolic; MD, mid-diastolic; LD, late diastolic.](10.1177_1941738117695221-fig2){#fig2-1941738117695221}

Statistical Analysis {#section11-1941738117695221}
--------------------

Data entry and analysis were carried out using Statistica 12 software (Statsoft Inc). Categorical data were expressed in frequency and percentages, employing a chi-square test as appropriate, while continuous data were expressed using means and SDs. In addition, sensitivity and specificity were determined for each diagnostic utility.

Results {#section12-1941738117695221}
=======

In total, 131 athletes were screened (104 men, 28 women; mean age, 20 ± 2 years). Participant characteristics and responses to the AHA cardiac history questionnaire are represented in [Tables 1](#table1-1941738117695221){ref-type="table"} and [2](#table2-1941738117695221){ref-type="table"}, respectively.

###### 

Participant characteristics

![](10.1177_1941738117695221-table1)

                                    Mean     SD
  --------------------------------- -------- -------
  Age, y                            20.48    1.97
  Weight, kg                        76.71    14.26
  Height, cm                        176.72   9.40
  Body mass index, kg/m^2^          24.39    2.92
  Systolic blood pressure, mm Hg    119.55   10.29
  Diastolic blood pressure, mm Hg   71.67    8.21

###### 

Summary of athlete responses to the American Heart Association cardiac history questionnaire^[@bibr9-1941738117695221]^

![](10.1177_1941738117695221-table2)

  Question                                                                                  Positive Responses, n (%)   Negative Responses, n (%)
  ----------------------------------------------------------------------------------------- --------------------------- ---------------------------
  1. Have you ever passed out during exercise?                                              9 (7)                       122 (93)
  2. Do you ever experience discomfort, pain, or pressure in your chest while exercising?   11 (8)                      120 (92)
  3. Does your heart race or skip beats during exercise?                                    10 (8)                      121 (92)
  4. Has a doctor ever said you have high blood pressure?                                   2 (2)                       129 (98)
  5. Has a doctor ever said you have a heart murmur?                                        4 (3)                       127 (97)
  6. Has a doctor ever said you have high cholesterol?                                      2 (2)                       129 (98)
  7. Has a doctor ever said you have a heart infection?                                     0 (0)                       131 (100)
  8. Has a doctor ever ordered a test for your heart?                                       5 (4)                       126 (96)
  9. Are there any deaths in your family for no apparent reason?                            2 (2)                       129 (98)
  10. Does anyone in your family have a heart problem?                                      15 (11)                     116 (88)
  11. Has any family member died of sudden death or heart problems before the age of 50?    8 (6)                       123 (94)
  12. Does anyone in your family have Marfan syndrome?                                      1 (1)                       130 (99)

The SP suspected 5 structural murmurs compared with 14 deemed as having structural pathology by the CAA software. A total of 25 referrals were made to a cardiologist, 17 of which were suspected structural murmurs and 8 for clinical reasons of concern. Three of the suspected structural murmurs were detected solely by the SP, 12 by CAA, and 2 by both CAA and the SP. Overall EC revealed 3 instances of a structural murmur (1 patent foramen ovale, 1 ventricular septal defect, and 1 trivial pulmonary stenosis) and 22 cases of a physiological murmur. These 3 cases of confirmed structural pathology did not require any further intervention and, according to Bethesda guidelines, did not exclude these collegiate athletes from sporting activities.^[@bibr10-1941738117695221]^

The sensitivity of CAA was 100% compared with 66.7% shown by the SP, while specificity was 50% and 66.7% for the measured techniques, respectively. It is important to note that the interpretation of these numbers is limited as there was no EC performed on the entire group and thus, the true pathology in the total cohort is unknown.

Discussion {#section13-1941738117695221}
==========

The present study sought to determine whether CAA could be a feasible adjunct in the clinical decision-making of cardiology referrals by an SP in the PHE of an athletic population. Previous studies have shown the beneficial use of CAA in screening of pediatric populations with both a high sensitivity and specificity for murmur detection.^[@bibr8-1941738117695221],[@bibr11-1941738117695221],[@bibr12-1941738117695221]^ Contrary, our investigation revealed a high sensitivity but a reduction in the specificity of CAA compared with SP. This difference may be attributable to the fact that previous studies were done within a pediatric setting, using a software algorithm specifically developed for this population. Therefore, in the present study, exercise-induced cardiovascular adaptations may have presented interpretational difficulties for the current software algorithm.

The first important finding of this study indicates that while the inclusion of CAA in the PHE of athletes may be feasible, its current software algorithm requires further refinement for use in this setting. Of the 14 athletes that CAA deemed to have structural murmurs, only 3 cases were confirmed by EC while the remaining murmurs were all shown to be physiological in nature. It is of interest that CAA managed to detect an additional structural murmur, confirmed to originate from a patent foramen ovale, which was not identified by the SP. In comparison, the SP detected 5 suspected structural murmurs, of which 2 were confirmed by EC. The inability of CAA to distinguish between physiological and structural murmurs resulted in a number of unnecessary referrals in this study. Retraining of the current CAA algorithm (which was developed for the nonathlete pediatric population) may address this particular finding.

A major limitation of this study is that EC was not performed on all participants. Therefore, the true sensitivity, specificity, as well as positive and negative predictive values could not be determined.

It is therefore clear that further studies of this technology together with EC, in the setting of the adult athlete, are warranted. It might be tempting to speculate that if CAA is proven to be appropriately sensitive and specific in this setting, its application may prove to be especially valuable in low-resourced environments with particular relevance to sub-Saharan Africa, where currently, major shortages exist within the health care workforce.^[@bibr15-1941738117695221]^ Reports have shown that a lack of sport physicians and other highly trained health care practitioners may result in scenarios where skill sharing or shifting of tasks normally performed by specialists to mid-level and community health workers occurs.^[@bibr6-1941738117695221]^ Consequently, the need for reliable, objective, and cost-effective support tools is particularly relevant within the context of the African PHE where traditional auscultation is the first-line diagnostic practice of choice. Moreover, auscultation, which is considered to be a lost art, relies heavily on a user's proficiency, clinical consistency, and level of experience, resulting in failure to detect structural murmurs or overreferral for costly specialist investigations for benign physiological murmurs, and advances in technology might in the future assist with improving training and appropriate referral. Thus, the above points make a strong case for further studies of this technology in these settings.

Additional barriers to effective PHE in developing countries include limited access to specialist health care due to poor socioeconomic status as well as no mandatory screening protocols. On those occasions where athletes are seen for any ailments or periodic health check-ups, this will more than likely be done by a general practitioner or community nurse. Consequently, there is still a significant need to introduce a simple and affordable cardiac screening program in underresourced areas.

Conclusion {#section14-1941738117695221}
==========

The findings of this study suggest that while CAA may feasibly be included in the PHE, further refinements are necessary to the existing software algorithm. Cardiac auscultation remains a useful investigative tool in the PHE; indeed, in this study, 3 cases of structural abnormality were identified, with 1 case missed by the SP but identified by CAA. Therefore, CAA may have a place as a supportive tool to assist sports medicine practitioners with their clinical referral decision process, especially in resource-limited areas. A unique strength of this study was the use of novel technology in a realistic African clinical environment. However, future studies using larger athlete cohorts evaluating the sensitivity, specificity, and cost efficacy of this method are needed.
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